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We use the method of QCD sum rules to study the D-wave charmed and bottom baryons of the
SU(3) flavor 6F , and calculate their masses up to the order O(1/mQ) with mQ the heavy quark
mass. Our results suggest that the Ξc(3123) can be well interpreted as a D-wave Ξ
′
c(6F ) state, and
it probably has a partner state close to it. Our results also suggest that there may exist as many
as four D-wave Ωc states in the energy region 3.3 ∼ 3.5 GeV, and we propose to search for them in
the further LHCb and BelleII experiments.
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I. INTRODUCTION
In the past years important experimental progresses
have been made in the field of heavy baryons [1], and we
refer to reviews [2–7] for their recent progress. Especially,
the LHCb experiment observed as many as five excited Ωc
states at the same time [8], which is probably related to
the fine structure of the strong interaction. Some of these
excited Ωc states can be interpreted as P -wave states [9],
inspiring us to further study the D-wave heavy baryons.
Actually, in Ref. [10] we have systematically studied the
D-wave heavy baryons of the SU(3) flavor 3¯F using the
method of QCD sum rules [11, 12] in the framework of
heavy quark effective theory (HQET) [13–15], and in the
present study we shall follow the same approach to study
the SU(3) flavor 6F ones, including theD-wave Ωc states.
There have been lots of heavy baryons observed in var-
ious experiments [1, 16–18]. Among them, the Ξc(3123)
observed by the BaBar Collaboration [19] (but not seen
in the following Belle experiment [20]) is a good candi-
date of the D-wave Ξ′c(6F ) state, and has been inves-
tigated using many phenomenological methods/models,
including various quark models [21–26], the Faddeev
method [27], the Regge trajectory [28], the relativistic
flux tube model [29], the heavy hadron chiral perturba-
tion theory [30], and QCD sum rules [31, 32], etc. More
discussions can be found in Refs. [33–37], and we again
refer to reviews [2–7] for the recent progress.
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We have studied the heavy baryons using the method
of QCD sum rules within HQET [9, 10, 38, 40], and
in the present study we shall further study the D-wave
charmed baryons of the SU(3) flavor 6F . We shall take
the O(1/mQ) corrections (mQ is the heavy quark mass)
into account during our QCD sum rule analyses, and
extract the chromomagnetic splitting within the same
baryon multiplet. More discussions on heavy mesons and
baryons containing a single heavy quark can be found in
Refs. [43–57].
This paper is organized as follows. In Sec. II, we briefly
introduce how we use the D-wave heavy baryon inter-
polating fields to perform QCD sum rule analyses, and
we refer interested readers to consult the discussion in
Refs. [9, 10, 38, 40] for details. Then we perform numer-
ical analyses in Sec. III, and offer a short summary in
Sec. IV.
II. QCD SUM RULE ANALYSES
In Ref. [10] we have systematically constructed all the
D-wave heavy baryon interpolating fields, but just stud-
ied the SU(3) flavor 3¯F ones using the method of QCD
sum rules in the framework of heavy quark effective the-
ory (HQET). In this paper we use the same method to
study the rest ones of the SU(3) flavor 6F , as briefly
shown in Fig. 1. We refer interested readers to consult
the discussion in Ref. [10] for details.
Here we briefly explain our notations: J
α1···αj−1/2
j,P,F,jl,sl,ρ−λ
denotes the D-wave heavy baryon field belonging to the
baryon multiplet [F, jl, sl, ρ − λ], where j, P , and F de-
note its total angular momentum, parity and SU(3) fla-
vor representation (3¯F or 6F ); jl and sl are the total an-
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FIG. 1: The notations for the D-wave charmed baryons of the SU(3) flavor 6F . See Fig. 1 of Ref. [10] and discussions therein
for details.
gular momentum and spin angular momentum of its light
components, respectively; there are three types (ρ − λ):
ρρ–type (lρ = 2 and lλ = 0), λλ–type (lρ = 0 and lλ = 2)
and ρλ–type (lρ = 1 and lλ = 1), where we use lρ to de-
note the orbital angular momentum between the two light
quarks, and lλ to denote the orbital angular momentum
between the heavy quark and the two-light-quark system.
These parameters satisfy L = lλ ⊗ lρ = 2 (note that we
only investigate the D-wave heavy baryons in the present
study), jl = L ⊗ sl and j = jl ⊗ sQ = |jl ± 1/2|, with
sQ = 1/2 the spin of the heavy quark.
The explicit forms of J
α1···αj−1/2
j,P,F,jl,sl,ρ−λ
have been given in
Eqs. (2–19) of Ref. [10]. We use them to perform QCD
sum rule analyses by assuming their coupling to the state
|j, P, F, jl, sl, ρ− λ〉 to be
〈0|J
α1···αj−1/2
j,P,F,jl,sl,ρ−λ
|j, P, F, jl, sl, ρ− λ〉 (1)
= fF,jl,sl,ρ−λu
α1···αj−1/2 .
Again, we recommend interested readers to consult
Refs. [9, 10, 38–42] for details, but simply list here the
equation to evaluate the mass of the heavy baryon be-
longing to the multiplet [F, jl, sl, ρ− λ]:
mj,P,F,jl,sl,ρ−λ = mQ + ΛF,jl,sl,ρ−λ + δmj,P,F,jl,sl,ρ−λ .
(2)
Here mQ is the heavy quark mass; ΛF,jl,sl,ρ−λ =
Λ|jl−1/2|,P,F,jl,sl,ρ−λ = Λjl+1/2,P,F,jl,sl,ρ−λ is the sum
rule result obtained at the leading order; δmj,P,F,jl,sl,ρ−λ
is the sum rule result obtained at the O(1/mQ) order:
δmj,P,F,jl,sl,ρ−λ (3)
= −
1
4mQ
(KF,jl,sl,ρ−λ + dMCmagΣF,jl,sl,ρ−λ) ,
where Cmag(mQ/µ) = [αs(mQ)/αs(µ)]
3/β0 with β0 =
11 − 2nf/3, and the coefficient dM ≡ dj,jl is defined to
be
djl−1/2,jl = 2jl + 2 , (4)
djl+1/2,jl = −2jl ,
which is directly related to the baryon mass splitting
within the same multiplet.
In Ref. [10] we have systematically studied the D-
wave heavy baryons of the SU(3) flavor 3¯F using the
method of QCD sum rules with HQET. In this paper we
similarly study the SU(3) flavor 6F ones, and calculate
the analytical formulae for ΛF,jl,sl,ρ−λ, KF,jl,sl,ρ−λ and
ΣF,jl,sl,ρ−λ. There are altogether seven heavy baryon
multiplets of the SU(3) flavor 6F as shown in Fig. 1,
i.e., [6F , 1, 1, ρρ], [6F , 2, 1, ρρ], [6F , 3, 1, ρρ], [6F , 1, 1, λλ],
[6F , 2, 1, λλ], [6F , 3, 1, λλ] and [6F , 2, 0, ρλ]. Hence, there
can be as many as two jP = 1/2+ D-wave excited Σc
states, five jP = 3/2+ ones, five jP = 5/2+ ones, and
two jP = 7/2+ ones. The numbers of excited Ξ′c and
Ωc states are the same. Recalling that the LHCb experi-
ment observed as many as five excited Ωc states [8], some
of these D-wave heavy baryons may be observed experi-
mentally at the same time. Theoretically, in the present
3study we can only use five baryon multiplets to perform
sum rule analyses, because in Ref. [10] we failed to con-
struct the currents belonging to the other two multiplets
[6F , 2, 1, ρρ] and [6F , 2, 1, λλ].
As an example, we use the charmed baryon multiplet
[Σc(6F ), 1, 1, ρρ] to perform QCD sum rule analyses. It
contains two charmed baryons, Σc(1/2
+) and Σc(3/2
+),
and the relevant interpolating field is
J1/2,+,Σc,1,1,ρρ(x) (5)
= ǫabc
(
[Dtµ1D
t
µ2u
aT (x)]Cγtµ3d
b(x)
− 2[Dtµ1u
aT (x)]Cγtµ3 [D
t
µ2d
b(x)]
+ uaT (x)Cγtµ3 [D
t
µ1D
t
µ2d
b(x)]
)
×
(
gµ1µ3t g
µ2µ4
t + g
µ2µ3
t g
µ1µ4
t
)
× γtµ4γ5h
c
v(x) .
We can use this current to perform QCD sum rule anal-
yses, and calculate ΛΣc,1,1,ρρ, KΣc,1,1,ρρ and ΣΣc,1,1,ρρ:
ΠΣc,1,1,ρρ = f
2
Σc,1,1,ρρe
−2Λ¯Σc,1,1,ρρ/T (6)
=
∫ ωc
0
[
11
80640π4
ω9 −
19〈g2sGG〉
3072π4
ω5]e−ω/Tdω ,
f2Σc,1,1,ρρKΣc,1,1,ρρe
−2Λ¯Σc,1,1,ρρ/T (7)
=
∫ ωc
0
[−
59
2217600π4
ω11 +
299〈g2sGG〉
161280π4
ω7]e−ω/Tdω ,
f2Σc,1,1,ρρΣΣc,1,1,ρρe
−2Λ¯Σc,1,1,ρρ/T (8)
=
∫ ωc
0
[
37〈g2sGG〉
322560π4
ω7]e−ω/Tdω .
Sum rules for Ξ′c and Ωc belonging to the same multi-
plet, [6F , 1, 1, ρρ], as well as sum rules for the other four
multiplets, [6F , 3, 1, ρρ], [6F , 1, 1, λλ], [6F , 3, 1, λλ] and
[6F , 2, 0, ρλ], are listed in Appendix. A. In the next sec-
tion we shall use these equations to perform numerical
analyses.
III. NUMERICAL ANALYSES
We use the following values for various condensates and
parameters to perform numerical analyses [1, 58–65]:
〈q¯q〉 = −(0.24± 0.01)3 GeV3 ,
〈s¯s〉 = 0.8× 〈q¯q〉 ,
〈g2sGG〉 = (0.48± 0.14) GeV
4 ,
〈gsq¯σGq〉 =M
2
0 × 〈q¯q〉 , (9)
〈gss¯σGs〉 =M
2
0 × 〈s¯s〉 ,
ms = 0.125 GeV ,
M20 = 0.8 GeV
2 .
Besides them, we also need the charm quark mass, for
which we use the PDG value mc = 1.275± 0.025 GeV [1]
in the MS scheme.
There are two free parameters in Eqs. (6–8): the Borel
mass T and the threshold value ωc. We follow Ref. [10]
and use three criteria to constrain them:
1. The first criterion requires that the high-order cor-
rections should be less than 10%:
Convergence (CVG) ≡ |
Πhigh−orderF,jl,sl,ρ−λ(∞, T )
ΠF,jl,sl,ρ−λ(∞, T )
| ≤ 10% ,
(10)
where Πhigh-orderF,jl,sl,ρ−λ(ωc, T ) denotes the high-order
corrections, for example,
Πhigh-orderΣc,1,1,ρρ (ωc, T ) =
∫ ωc
0
[−
19〈g2sGG〉
3072π4
ω5]e−ω/Tdω .
(11)
2. The second criterion requires that the pole contri-
bution (PC) should be larger than 10%:
Pole Contribution (PC) ≡
ΠF,jl,sl,ρ−λ(ωc, T )
ΠF,jl,sl,ρ−λ(∞, T )
≥ 10% .
(12)
We can use the first and second criteria together to
arrive at an interval Tmin < T < Tmax for a fixed
threshold value ωc.
3. The third criterion requires that the dependence of
mj,P,F,jl,sl,ρ−λ on the threshold value ωc should be
weak.
Still use the baryon multiplet [Σc(6F ), 1, 1, ρρ] as an
example. Firstly, when we take ωc = 3.2 GeV, the
Borel window can be evaluated to be 0.425 GeV < T <
0.487 GeV, and the following numerical results can be
obtained:
Λ¯Σc,1,1,ρρ = 1.425 GeV ,
KΣc,1,1,ρρ = −1.372 GeV
2 , (13)
ΣΣc,1,1,ρρ = 0.0091 GeV
2 .
Their variations are shown in Fig. 2 with respect to the
Borel mass T . Inserting them into Eqs. (2–3), we can
further obtain
mΣc(1/2+) = 2.96 GeV ,
mΣc(3/2+) = 2.97 GeV , (14)
∆m[Σc,1,1,ρρ] = 11 MeV ,
where mΣc(1/2+) and mΣc(3/2+) are the masses of the
Σc(1/2
+) and Σc(3/2
+) belonging to the baryon mul-
tiplet [Σc(6F ), 1, 1, ρρ], and ∆m[Σc,1,1,ρρ] is their mass
splitting. We show the variation of mΣb(1/2+) with re-
spect to the Borel mass T in the right panel of Fig. 3.
Secondly, we change the threshold value ωc and redo
the above process. We show the variation of mΣc(1/2+)
with respect to the threshold value ωc in the left panel of
Fig. 3. There are non-vanishing Borel windows as long
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FIG. 2: Variations of ΛΣc,1,1,ρρ (left), KΣc,1,1,ρρ (middle), and ΣΣc,1,1,ρρ (right) with respect to the Borel mass T , calculated
using the charmed baryon doublet [Σc(6F ), 1, 1, ρρ]. The short-dashed, solid, and long-dashed curves are obtained by fixing
ωc = 3.0, 3.2, and 3.4 GeV, respectively.
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FIG. 3: Variations of mΣc(1/2+) with respect to the threshold value ωc (left) and the Borel mass T (right), calculated using the
charmed baryon doublet [Σc(6F ), 1, 1, ρρ]. The shady band in the left panel is obtained by changing T inside Borel windows.
There exist non-vanishing working regions of T as long as ωc ≥ 3.0 GeV, while the results for ωc < 3.0 GeV are also shown, for
which cases we choose the Borel mass T when the PC defined in Eq. (12) is around 10%. In the right panel, the short-dashed,
solid and long-dashed curves are obtained by setting ωc = 3.0, 3.2 and 3.4 GeV, respectively.
as ωc ≥ 3.0 GeV, and the ωc dependence is weak and ac-
ceptable in the region 3.0 GeV< ωc < 3.4 GeV. The re-
sults for ωc ≤ 3.0 GeV are also shown, for which cases we
choose the Borel mass T when the PC defined in Eq. (12)
is around 10%.
Finally, we choose our working regions to be 3.0 GeV<
ωc < 3.4 GeV and 0.425 GeV < T < 0.487 GeV, and ob-
tain the following numerical results for the baryon mul-
tiplet [Σc(6F ), 1, 1, ρρ]:
mΣc(1/2+) = 2.96
+0.17
−0.12 GeV ,
mΣc(3/2+) = 2.97
+0.18
−0.13 GeV , (15)
∆m[Σc,1,1,ρρ] = 11
+17
−9 MeV ,
where the central values correspond to ωc = 3.2 GeV
and T = 0.456 GeV, and the uncertainties come from the
threshold value ωc, the Borel mass T , the charm quark
mass mc, and various quark and gluon condensates. We
note that there are large theoretical uncertainties in our
mass predictions, but the mass splitting within the same
doublet is produced quite well with much less theoreti-
cal uncertainty, because it does not depend much on the
charm quark mass [9, 10, 38, 40].
To study the charmed baryon multiplets
[Ξ′c(6F ), 1, 1, ρρ] and [Ωc(6F ), 1, 1, ρρ], we fine-tune
the threshold value ωc to be
ωc([Ξ
′
c, 1, 1, ρρ]) ≈ 3.7 GeV , (16)
ωc([Ωc, 1, 1, ρρ]) ≈ 4.2 GeV ,
so that
ωc([Ωc, 1, 1, ρρ])− ωc([Ξ
′
c, 1, 1, ρρ]) ≈ (17)
ωc([Ξ
′
c, 1, 1, ρρ])− ωc([Σc, 1, 1, ρρ]) ≈ 0.5 GeV ,
which value is the same as those used in our previous
studies on excited heavy baryons [9, 10, 40].
After fixing the threshold value ωc([Ξ
′
c, 1, 1, ρρ]) to be
around 3.7 GeV, we can evaluate our working regions to
be 3.5 GeV< ωc < 3.9 GeV and 0.395 GeV < T < 0.574
GeV, and obtain the following numerical results for the
charmed baryon multiplet [Ξ′c(6F ), 1, 1, ρρ]:
mΞ′c(1/2+) = 3.02
+0.15
−0.21 GeV ,
mΞ′c(3/2+) = 3.03
+0.15
−0.21 GeV , (18)
∆m[Ξ′c,1,1,ρρ] = 7
+8
−6 MeV ,
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FIG. 4: Variations of mΞ′c(1/2+) (left) and mΩc(1/2+) (right) with respect to the Borel mass T , calculated using the charmed
baryon multiplets [Ξ′c(6F ), 1, 1, ρρ] and [Ωc(6F ), 1, 1, ρρ]. In the left figure, the short-dashed, solid and long-dashed curves are
obtained by setting ωc = 3.5, 3.7 and 3.9 GeV, respectively. In the left figure, the short-dashed, solid and long-dashed curves
are obtained by setting ωc = 4.0, 4.2 and 4.4 GeV, respectively.
where the central values correspond to ωc = 3.7 GeV and
T = 0.485 GeV. We show the variation of mΞ′c(1/2+) with
respect to the Borel mass T in the left panel of Fig. 4,
where these curves are stable inside the Borel window
0.395 GeV < T < 0.574 GeV. The masses of Ξ′c(1/2
+)
and Ξ′c(3/2
+) are both consistent with the mass of the
Ξc(3123) observed by the BaBar Collaboration [19]:
mexpΞc(3123) = 3122.9± 1.3± 0.3 MeV , (19)
which supports it to be a D-wave Ξ′c state of J
P = 1/2+
or 3/2+.
Similarly, after fixing ωc([Ωc, 1, 1, ρρ]) to be around
4.2 GeV, we can evaluate our working regions to be
4.0 GeV< ωc < 4.4 GeV and 0.421 GeV < T < 0.655
GeV, and obtain the following numerical results for the
charmed baryon multiplet [Ωc(6F ), 1, 1, ρρ]:
mΩc(1/2+) = 3.29
+0.17
−0.25 GeV ,
mΩc(3/2+) = 3.29
+0.16
−0.25 GeV , (20)
∆m[Ωc,1,1,ρρ] = 5
+5
−4 MeV ,
where the central values correspond to ωc = 4.2 GeV and
T = 0.538 GeV. We show the variation of mΩc(1/2+) with
respect to the Borel mass T in the right panel of Fig. 4,
where these curves are stable inside the Borel window
0.421 GeV < T < 0.655 GeV.
We list the above results in Table I. Following the same
procedures, we study the charmed baryon multiplets,
[6F , 3, 1, λλ], [6F , 2, 0, ρλ], [6F , 3, 1, ρρ], [6F , 1, 1, λλ],
and obtain:
1. The baryon multiplet [6F , 3, 1, λλ] con-
tains Σc(5/2
+, 7/2+), Ξ′c(5/2
+, 7/2+), and
Ωc(5/2
+, 7/2+). We use them to perform sum rule
analyses, and obtain:
m[Σc,3,1,λλ] ∼ 3.32
+0.64
−0.24 GeV ,
m[Ξ′c,3,1,λλ] ∼ 3.39
+0.40
−0.20 GeV , (21)
m[Ωc,3,1,λλ] ∼ 3.49
+0.30
−0.19 GeV .
These values are also listed in Table I, and their
variations are shown in Fig. 5 with respect to the
threshold value ωc. The masses of Ξ
′
c(5/2
+, 7/2+)
are not far from the mass of the Ξc(3123) [19], sug-
gesting that the Ξc(3123) may also be interpreted
as a D-wave Ξ′c state of J
P = 5/2+ or 7/2+.
We note that we can only evaluate their
average masses 114 (6mΣc(5/2+) + 8mΣc(7/2+)),
1
14 (6mΞ′c(5/2+) + 8mΞ′c(7/2+)) and
1
14 (6mΩc(5/2+) +
8mΩc(7/2+)), because their mass splittings related
to the chromomagnetic interaction (Σ6F ,3,1,λλ) are
difficult to be evaluated. More discussions can be
found in Ref. [10].
2. The baryon multiplet [6F , 2, 0, ρλ] con-
tains Σc(3/2
+, 5/2+), Ξ′c(3/2
+, 5/2+), and
Ωc(3/2
+, 5/2+). We use them to perform sum rule
analyses, and obtain:
mΣc(3/2+) = 3.02
+0.26
−0.16 GeV ,
mΣc(5/2+) = 3.04
+0.28
−0.17 GeV ,
∆m[Σc,2,0,ρλ] = 16
+26
−14 MeV ,
mΞ′c(3/2+) = 3.50
+0.15
−0.13 GeV ,
mΞ′c(5/2+) = 3.51
+0.15
−0.13 GeV , (22)
∆m[Ξ′c,2,0,ρλ] = 11
+12
−9 MeV ,
mΩc(3/2+) = 3.67
+0.14
−0.14 GeV ,
mΩc(5/2+) = 3.68
+0.15
−0.14 GeV ,
∆m[Ωc,2,0,ρλ] = 9
+9
−8 MeV .
These values are also listed in Table I, and vari-
ations of mΣc(3/2+), mΞ′c(3/2+) and mΩc(3/2+) are
shown in Fig. 6 with respect to the thresh-
old value ωc. However, the mass differ-
ences among Σc(3/2
+, 5/2+), Ξ′c(3/2
+, 5/2+) and
6TABLE I: Masses of the D-wave charmed baryons of the SU(3) flavor 6F , obtained using the charmed baryon multi-
plets [6F , 1, 1, ρρ], [6F , 3, 1, λλ] and [6F , 2, 0, ρλ]. For the charmed baryon multiplet [6F , 3, 1, λλ] containing Σc(5/2
+, 7/2+),
Ξ′c(5/2
+, 7/2+), and Ωc(5/2
+, 7/2+), we can only evaluate their average masses, i.e., 1
14
(6mΣc(5/2+) + 8mΣc(7/2+)),
1
14
(6mΞ′c(5/2+)+8mΞ′c(7/2+)) and
1
14
(6mΩc(5/2+)+8mΩc(7/2+)), as discussed in Ref. [10]. For the baryon multiplet [6F , 2, 0, ρλ]
containing Σc(3/2
+, 5/2+), Ξ′c(3/2
+, 5/2+), and Ωc(3/2
+, 5/2+), the mass differences among Σc, Ξ
′
c, and Ωc seem a bit large,
so we do not use them to draw conclusions.
Multiplets B
ωc Working region Λ f K Σ Baryons Mass Difference
(GeV) (GeV) (GeV) (GeV5) (GeV2) (GeV2) (jP ) (GeV) (MeV)
[6F , 1, 1, ρρ]
Σc 3.2 0.425 < T < 0.487 1.425 0.079 −1.372 0.0091
Σc(1/2
+) 2.96+0.17−0.12
11+17−9
Σc(3/2
+) 2.97+0.18−0.13
Ξ′c 3.7 0.395 < T < 0.574 1.561 0.146 −0.961 0.0057
Ξ′c(1/2
+) 3.02+0.15−0.21
7+8−6
Ξ′c(3/2
+) 3.03+0.15−0.21
Ωc 4.2 0.421 < T < 0.655 1.761 0.274 −1.302 0.0042
Ωc(1/2
+) 3.29+0.17−0.25
5+5−4
Ωc(3/2
+) 3.29+0.16−0.25
[6F , 3, 1, λλ]
Σc 3.1 0.445 < T < 0.459 1.432 0.014 −3.139 –
Σc(5/2
+)
3.32+0.64−0.24 –
Σc(7/2
+)
Ξ′c 3.3 0.458 < T < 0.485 1.509 0.018 −3.064 –
Ξ′c(5/2
+)
3.39+0.40−0.20 –
Ξ′c(7/2
+)
Ωc 3.5 0.490 < T < 0.509 1.612 0.024 −3.085 –
Ωc(5/2
+)
3.49+0.30−0.19 –
Ωc(7/2
+)
[6F , 2, 0, ρλ]
Σc 3.0 0.398 < T < 0.457 1.336 0.022 −2.156 0.0082
Σc(3/2
+) 3.02+0.26−0.16
16+26−14
Σc(5/2
+) 3.04+0.28−0.17
Ξ′c 3.7 0.505 < T < 0.543 1.793 0.076 −2.214 0.0055
Ξ′c(3/2
+) 3.50+0.15−0.13
11+12−9
Ξ′c(5/2
+) 3.51+0.15−0.13
Ωc 4.0 0.561 < T < 0.575 1.986 0.115 −2.121 0.0046
Ωc(3/2
+) 3.67+0.14−0.14
9+9−8
Ωc(5/2
+) 3.68+0.15−0.14
Ωc(3/2
+, 5/2+) seem a bit large, and we shall not
use them to draw conclusions.
3. We use the baryon multiplet [6F , 3, 1, ρρ] to per-
form sum rule analyses, but there do not exist
Borel windows when ωc ≤ 4.0 GeV. We also use
the baryon multiplet [6F , 1, 1, λλ] to perform sum
rule analyses, but the obtained results depend sig-
nificantly on the threshold value ωc. Hence, these
results can not be well interpreted, and we shall not
use them to draw conclusions.
IV. SUMMARY
In this paper we used the method of QCD sum rules
within HQET to study the D-wave charmed baryons of
the SU(3) flavor 6F , and calculated their masses up
to the order O(1/mQ). We investigated five charmed
baryon doublets, [6F , 1, 1, ρρ], [6F , 3, 1, ρρ], [6F , 1, 1, λλ],
[6F , 3, 1, λλ] and [6F , 2, 0, ρλ] (we note that in Ref. [10]
we failed to construct the currents belonging to the other
two multiplets, [6F , 2, 1, ρρ] and [6F , 2, 1, λλ]). The re-
sults are summarized in Table I for the charmed baryon
multiplets [6F , 1, 1, ρρ], [6F , 3, 1, λλ], and [6F , 2, 0, ρλ],
and those obtained using the former two multiplets
([6F , 1, 1, ρρ] and [6F , 3, 1, λλ]) are reasonable/better.
We note that there are large theoretical uncertainties in
our mass predictions, but the mass splittings within the
same doublet are produced quite well with much less the-
oretical uncertainty.
Our results suggest that the Ξc(3123) observed by the
BaBar Collaboration [19] can be well interpreted as a D-
wave Ξ′c state, while its quantum numbers can not be
determined. It may belong to either the charmed baryon
doublet [Ξ′c(6F ), 1, 1, ρρ] or [Ξ
′
c(6F ), 3, 1, λλ], but in both
cases there would be a partner state close to it. Our
results also suggest that there may exist as many as four
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FIG. 5: Variations of m[Σc,3,1,λλ] (left), m[Ξ′c,3,1,λλ] (middle) and m[Ωc,3,1,λλ] (right) with respect to the threshold value ωc,
calculated using the charmed baryon doublet [6F , 3, 1, λλ]. The shady bands in these figures are obtained by changing T inside
Borel windows. There exist Borel windows as long as ωc([Σc, 3, 1, λλ]) ≥ 3.1 GeV (left), ωc([Ξ
′
c, 3, 1, λλ]) ≥ 3.2 GeV (left) and
ωc([Ωc, 3, 1, λλ]) ≥ 3.5 GeV (right). Accordingly, we choose ωc to be around 3.1, 3.3, and 3.5 GeV in the left, middle and right
panels, respectively.
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FIG. 6: Variations of mΣc(3/2+) (left), mΞ′c(3/2+) (middle) and mΩc(5/2+) (right) with respect to the threshold value ωc,
calculated using the charmed baryon multiplet [6F , 2, 0, ρλ]. The shady bands in these figures are obtained by changing T
inside Borel windows. There exist Borel windows as long as ωc([Σc, 2, 0, ρλ]) ≥ 2.8 GeV (left), ωc([Ξ
′
c, 2, 0, ρλ]) ≥ 3.6 GeV (left)
and ωc([Ωc, 2, 0, ρλ]) ≥ 4.0 GeV (right). Accordingly, we choose ωc to be around 3.0, 3.7, and 4.0 GeV in the left, middle and
right panels, respectively.
D-wave Ωc states in the energy region 3.3 ∼ 3.5 GeV.
They are the D-wave Ωc states of J
P = 1/2+, 3/2+,
5/2+, and 7/2+; the former two belong to the charmed
baryon multiplet [6F , 1, 1, ρρ], and the latter two belong
to [6F , 3, 1, λλ]. Recalling that the LHCb experiment
observed as many as five excited Ωc states [8] at the same
time, we propose to search for these D-wave Ωc states in
the further LHCb and BelleII experiments in order to
study the fine structure of the strong interaction. We
note that the doubly charmed baryon Ξ++cc was recently
discovered by the LHCb Collaboration [67], which can
also be an idea platform to study the fine structure of
the strong interaction [68].
Following the same procedures, we have investigated
the D-wave bottom baryons of the SU(3) flavor 6F . The
pole mass of the bottom quarkmb = 4.78±0.06GeV [1] is
used, and the obtained results are listed in Table II. We
also suggest to search for them in further experiments.
To end this paper, we note that not only masses but also
decay and production properties are useful to understand
the heavy baryons [66], and J-PARC is planning an ex-
perimental project of such studies [69]. In near future,
the joint efforts from experimentalists and theorists will
be helpful to identify more and more charmed and bot-
tom baryons.
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8TABLE II: Masses of the D-wave bottom baryons of the SU(3) flavor 6F , obtained using the bottom baryon multiplets
[6F , 1, 1, ρρ], [6F , 3, 1, λλ] and [6F , 2, 0, ρλ].
Multiplets B
ωc Working region Λ f K Σ Baryons Mass Difference
(GeV) (GeV) (GeV) (GeV5) (GeV2) (GeV2) (jP ) (GeV) (MeV)
[6F , 1, 1, ρρ]
Σb 3.2 0.425 < T < 0.487 1.425 0.079 −1.372 0.0091
Σb(1/2
+) 6.28+0.18−0.12
2+4−2
Σb(3/2
+) 6.28+0.18−0.12
Ξ′b 3.7 0.395 < T < 0.574 1.561 0.146 −0.961 0.0057
Ξ′b(1/2
+) 6.39+0.11−0.14
1+2−1
Ξ′b(3/2
+) 6.39+0.11−0.14
Ωb 4.2 0.421 < T < 0.655 1.761 0.274 −1.302 0.0042
Ωb(1/2
+) 6.61+0.12−0.16
1+1−1
Ωb(3/2
+) 6.61+0.12−0.16
[6F , 3, 1, λλ]
Σb 3.1 0.445 < T < 0.459 1.432 0.014 −3.139 –
Σb(5/2
+)
6.38+0.43−0.17 –
Σb(7/2
+)
Ξ′b 3.3 0.458 < T < 0.485 1.509 0.018 −3.064 –
Ξ′b(5/2
+)
6.45+0.28−0.15 –
Ξ′b(7/2
+)
Ωb 3.5 0.490 < T < 0.509 1.612 0.024 −3.085 –
Ωb(5/2
+)
6.55+0.22−0.14 –
Ωb(7/2
+)
[6F , 2, 0, ρλ]
Σb 3.0 0.398 < T < 0.457 1.336 0.022 −2.156 0.0082
Σb(3/2
+) 6.23+0.19−0.13
3+6−3
Σb(5/2
+) 6.23+0.20−0.13
Ξ′b 3.7 0.505 < T < 0.543 1.793 0.076 −2.214 0.0055
Ξ′b(3/2
+) 6.69+0.11−0.09
2+3−2
Ξ′b(5/2
+) 6.69+0.09−0.09
Ωb 4.0 0.561 < T < 0.575 1.986 0.115 −2.121 0.0046
Ωb(3/2
+) 6.88+0.09−0.08
2+2−2
Ωb(5/2
+) 6.88+0.09−0.08
Appendix A: Other Sum Rules
In this appendix we list the sum rules for other currents
with different quark contents.
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